(310 f 50 Y 120 f 40 per I O 6 purified cells, respectively).
However, the BGCFC that copurified with the Rho-bright and the Rho-dull cells were different in terms of replating efficiency and response t o interleukin-3 (11-3) and stem cell factor (SCF). In fact, on replating, the blast-cell colonies cultured from the Rho-dull population give rise to many more ORMAL HEMATOPOIESIS is sustained by a process N of differentiation and proliferation arising at the level of the hematopoietic stem cell (HSC). The definition of HSC has evolved over the years, and most investigators consider the HSC to be a cell capable of long-term marrow reconstitution (LTMR) including both lymphopoiesis and myelopoiesis.', ' A number of in vitro assays have been advanced as potentially having some correlation with LTMR cells. These include assays for the long-term culture initiating cell (LTC-IC),3 the cobblestone area-forming cell (CAFC)? the high proliferative potential colony-forming cell (HPP-CFC),' the mixed-cell CFC (CFC-mix), 6 and the blast-cell colony-forming cell (BC-CFC).~ In vitro, the BC-CFC typically gives rise to small colonies containing 50 to 1,000 undifferentiated cells. First described by Nakahata and Ogawa,' BC-CFC appear to be in Go or a prolonged GI state of the cell cycle, and they have a high replating efficiency (for a review see Ogawa.8) Typically, 50% to 80% of the cells of a blast-cell colony will give rise to secondary colonies on replating and, among the secondary colonies, are a number of blast-cell colonies, as well as colonies of multiple lineages. ' The original assay for BC-CFC employed marrow or spleen cells from mice previously treated with a high dose of 5-fluorouracil (5-FU) that depleted hematopoietic organs of cycling cells. 7 The remaining cells were highly enriched for primitive cells which, because of their inactive cell cycle status, were spared killing by the 5-FU."
In the present studies, we have identified BC-CFC from normal murine marrow and have employed established cell separation techniques to isolate highly purified populations of HSC capable of LTMR. We have assayed these populations for their content of BC-CFC, as well as those cells capable of giving rise to BC-CFC in liquid culture. The results indicate that only a subpopulation of BC-CFC (those capable of higher replating efficiency) copurify with cells capable of LTMR, further indicating that few, if any, BC-CFC are HSC.
secondary colonies and had a greater replating efficiency than those obtained from Rho-bright cells (replating efficiency: 29.0 f 6.3 v19.5 f 3.7, respectively, P < .OIL Furthermore, while the same numbers of blast-cell colonies were detected in culture of Rho-bright cells stimulated with IL-3 alone or in combination with SCF, blast-cell colonies were generated in cultures of Rho-dull cells only in the presence of both IL-3 and SCF. After 5 days in suspension culture stimulated with IL-3 and SCF, Rho-dull cells generated BC-CFC whose replating potential was similar to the replating potential of BC-CFC contained in the Rho-bright population. These results indicate that BC-CFC contained in the Rhobright and -dull populations are qualitatively different. Because the Rho-dull population contains HSC, the results indicate that few, if any, BC-CFC are HSC. 0 1996 by The American Society of Hematology.
MATERIALS AND METHODS
Murine HSC were isolated as previously described.".'* Adult C57BU6J (obtained from Jackson Laboratory, Bar Harbor, ME) mouse marrow cells were collected by flushing the femurs with Hanks' balanced salt solution (GIBCO BRL, Grand Island, NY) buffered at pH 6.7 with HEPES (10 mmoV L; Merck, Rahway, NJ) and supplemented with penicillin (100 U/ mL) and streptomycin (0.1 mg/mL). Light density bone marrow cells were separated by centrifugation (400g for 10 minutes at 4°C) on a discontinuous metrizamide (Nycodenz, GIBCO BRL) density gradient (1.050 < p < 1.080) in the presence of wheat germ agglutinin (WGA) bound to fluorescein isothiocyanate (FITC; Polysciences, Warrington, PA; 1 &lo mL final concentration). Approximately 10% of the original cell preparation was recovered as light-density cells. These cells were washed once and analyzed by using a lightactivated cell sorter (FACS 11; Becton Dickinson, San Jose, CA). Approximately 1% of the input cells sorted as WGA-positive. Cells with medium and high WGA-FITC fluorescence, medium forward and low perpendicular light scatter intensities were sorted. Subsequently, WGA-FITC was removed from the cells by incubating them with an isotonic solution of n-acetyl-d-glucosamine (0.2 m o m ; Polysciences). The cells were then labeled with the monoclonal antibody (MoAb) 15.1.1 directly conjugated with FITC and sorted again. The MoAb 15.1.1-negative cells were stained with Rho-123 (Eastman Kodak, Rochester, NY) and sorted again. Rho-dull and -bright cells were separated on the basis of fluorescence. The cells were then assayed for their content of BC-CFC. Approximately 0.13% and 0.07% of input cells were recovered among the Rho-bright and -dull cells, respectively, yielding a ratio of 2: 1.
Rho-bright or -dull cells were plated under serum-deprived conditions, as described previo~sly,".'~ at a concentration of io3 to io4 cells/mL in methylcellulose. In preliminary experiments, we observed that the relationship between the numbers of cells plated and blast-cell colonies formed in the dish was linear in cultures of Rho-dull cells, but not in cultures of Rho-bright cells. Because high numbers of granulocyte/macrophage (GM) colonies are observed in cultures of Rho-bright, but not in cultures of Rhodull cells, it is possible that at the highest Rho-bright cell concentrations the presence of GM colonies interferes with the accurate scoring of blast-cell colonies and their number is, therefore, underestimated. For this reason, in subsequent experiments, Rho-bright cells were cultured at IO3 cells per mL. Estimation of BC-CFC in cultures of Rho-dull cells was obtained by plating >lo3 cells per mL, and was corrected to allow direct comparison with the values obtained in cultures of Rho-bright cells. Four to six replicate dishes were plated for each experimental point. The cultures contained either no growth factors, murine interleukin-3 (IL-3), rat stem cell factor (SCF), or the combination of IL-3 plus SCF. IL-3 and SCF were used at concentrations previously shown to give optimal hematopoietic colony growth from purified cells under serum-deprived condition~.'.'~ Semisolid cultures contained the following components in Iscove's modified Dulbecco's medium: methylcellulose (0.8%, final concentration), 2-mercaptoethanol (75 pmoVL), and a mixture of fetal bovine serum-replacing components made up of deionized bovine serum albumin (fraction V, Sigma, St Louis, MO), bovine serum albumin-adsorbed cholesterol and soybean lecithin (Sigma; final concentration 12 ng and 36 ng/pL, respectively), iron-saturated human transfemn (Behring; 9 pmoVL), insulin (Sigma: 1.7 pmol/L), nucleosides (Sigma; 10 pg/mL each), sodium pyruvate (Sigma; 100 pmol/L), and L-glutamine (Sigma; 2 mmol/L).
Blast-cell colonies were identified on the basis of their distinct morphology.' 9.14 Blast-cell colonies are dispersed colonies composed of relatively low numbers of small, highly refractile cells (200 to 1,000 cells per colony). Confirmation of the nature of the blastcell colonies was obtained independently by harvesting tentatively identified blast-cell colonies, washing the cells, and then staining the cells with Wright-Giemsa. The cells of such colonies were relatively homogeneous blast-like cells with no differentiated features. GM colonies were also identified and enumerated according to standard criteria.
Following 9 days in methylcellulose culture, blast-cell colonies or GM colonies were individually plucked from the methylcellulose, pooled, washed, and replated in secondary culture containing a cocktail of growth factors known to induce maximal colony formation. The cocktail contained IL-3 (100 units/mL); SCF (100 ng/mL); granulocyte/macrophage colony stimulating factor (GM-CSF; 10 units/ mL); G-CSF (100 units/mL) and erythropoietin (Epo; 1.5 unitslml). Nine days later, secondary colonies were counted. In addition, after all of the colonies had been harvested from a dish, the residual methylcellulose, containing all of the remaining cells, was harvested, the cells washed, and then replated.
Murine recombinant GM-CSF and IL-3 were provided by Dr J.J.
Assayfor BC-CFC.
Mermod (Glaxo, Basel, Switzerland); human recombinant G-CSF, Epo, and rat SCF were from Amgen (Thousand Oaks, CA). Liquid culture of murine stem cells in the presence of SCF and ZL-3. Isolated Rho-bright or Rho-dull cells were placed into serumdeprived liquid culture at an initial concentration of 10' cells/0.5 mL culture in 24-well plates (Falcon; W. Halidon, NJ). The cells were cultured with IL-3, SCF, or the combination of the two. Wells to which no growth factors were added served as controls. On days 5, 10, and 15, the total cell number per culture was determined along with the number of GM-CFC and BC-CFC. Blast-cell colonies that appeared in cultures seeded with cells at day 0 or cells obtained at sequential days during the suspension culture with SCF and IL-3 were harvested, pooled, and the replating efficiency determined in secondary methylcellulose cultures as described above.
To assess the LTMR capacity of the Rho-bright and the Rho-dull populations and to correlate this capacity with the presence of BC-CFC, an assay using stem cell-defective W W (Jackson Laboratory) recipients was performed.I5.l6 Various numbers (IO' to lo4) of Rho-bright or -dull cells were injected by tail vein into unirradiated W W mice (6 to 10 mice per experimental group). The marker employed to determine LTMR capacity was the appearance of distinct major hemoglobin bands as assessed by gel electrophoresis. Total bone marrow cells were employed as control. The C57BU6.I +/+ donor red cells contain diffuse hemoglobin (HBBD), while the W W recipient cells contain a single band (HBBS) of hemoglobin on electrophoresis. To obtain hemoglobin for electrophoresis, the tail veins of transplanted mice were nicked with a sterile needle and 100 to 200 p L of blood drawn into a capillary.
The analysis for the presence of HBBD or HBBS was performed according to a modification of the method of Whitney et ai." A fixed amount of blood (100 pL) is lysed with a cystamine solution. The cell lysate is loaded onto a Titan 111 plate (Helena Laboratories, Beaumont, TX) and the HBBD and HBBS resolved by electrophoresis. The strip is stained with Ponceau S (Helena Laboratories), washed in acetic acid, and clarified with CleanAid (Helena Laboratories). Quantitation of the hemoglobin isotypes is obtained by scanning (Seprascan 2001; ISS-Emprotech, Natick, MA).
To control for the sensitivity of the assay, +I+ and W N ' blood samples were mixed in fixed ratios and analyzed for the percent of HBBS over the total hemoglobin measured by electrophoresis. The relationship between the percent of HBBS and the percent of +/+ blood is linear when the +/+ blood is 25% to 95% of the total blood (data not shown).
The hemoglobin expressed by the circulating red blood cells of the transplanted animals was analyzed monthly during the life of the animals (1.5 to 2 years).
Analysis of variance (ANOVA) and paired t-test were performed using the Origin 3.5 computer program for Windows (Microcal Software, Inc, Northampton, MA).
Assay of LTMR capacity.
Statistical analysis.

RESULTS
HSC and progenitor cell content in purified Rho-bright and dull cells. Figure 1 shows the results of the repopulation assays using either total bone marrow cells, Rho-bright or Rho-dull cells obtained from +/+ litter mates and transplanted in the cell numbers indicated into WW' recipients. The data shown were obtained 4 months after the transplant. As can be seen, the hemoglobin type had converted entirely to that of donor origin if lo6 intact marrow cells were injected into the recipient. If Rho-bright cells were used for transplantation, there was no evidence of LTMR with lo" or 5
For personal use only. on October 22, 2017. by guest www.bloodjournal.org From Table 1 ). The hemoglobin electrophoretic pattern observed in completely reconstituted mice at 4 months after transplantation remained unchanged for the rest of the life of the animals (1.5 years), indicating that the mice were permanently r e c o n s t i t~t e d . 2~~~ The two mice partially reconstituted lost the graft at later time points (data not shown).
X IO' cells. One of the two animals receiving 3 X IO3 cells was partially (80%) reconstituted.
In contrast, complete marrow reconstitution was seen in recipients given 3 or 5 x IO3 Rho-dull cells and, in the two animals given IO3 cells, there was complete marrow reconstitution in one and partial reconstitution in the other. Table I presents the frequency of CFC, as well as of BC-CFC and HSC in unfractionated normal bone marrow and in purified Rho-bright and Rho-dull cells. Rho-bright cells were 20 times more enriched than normal bone marrow for CFC, while containing the same number of HSC. Rho-dull cells were 1000-fold more enriched than bone marrow for HSC, but contained equivalent numbers of CFC.
Ident8cation of BC-CFC in puriJied populations of normal murine HSC. Rho-dull and Rho-bright cells were g20-and g50-fold enriched for BC-CFC. respectively. The recovery after purification of the different cell types in the Rho-bright and Rho-dull cell fractions was, respectively, 2.5% and 0.08% for the CFC; 73% and 15% for the BC-CFC; 0.13% and 70% for the HSC (Table I) . Rho-bright cells contained numbers of BC-CFC and of GM-CFC significantly higher than Rho-dull cells when analyzed either with a paired t-test (P < .005) or with ANOVA (P < .05). Response to SCF and IL-3 of BC-CFC obtained in cultures of Rho-bright or Rho-dull cells. The effect of IL-3 and SCF, alone or in combination, on the numbers of blast-cell Different numbers of bone marrow cells were used in the separate cell purifications analyzed. To allow direct comparison, the results of recovery of the cell purification have been normalized to lo5 unfractionated marrow cells. The formation of blast-cell colonies was stimulated by SCF + IL-3. The mean (?SEM) of nine separate experiments is shown. The differences in the numbers of BC-CFC and of GM-CFC detected in Rho-bright and Rho-dull cells are statistically significant using either a paired t-test ( P < .005) or ANOVA ( P < .01). t With purified cells, erythroid reconstitution is first observed 4 months posttransplant and lasts for the life of the animal?' As few as 100
Rho-dull cells permanently reconstituted up to 20% of the mice. All mice (100%) were completely reconstituted with 1 0 ' Rho-dull cells (data not shown). To quantify the HSC in a given population, we define one HSC as the cell that permanently reconstitutes 1% of W W mice. Therefore, lo3 Rho-dull cells contained at least 100 HSC. The numbers of HSC in the Rho-bright and Rho-dull populations were calculated in at least 3 to 5 independent cell purifications.
For colonies and GM colonies detected in primary and secondary cultures of Rho-bright or Rho-dull cells is shown in Tables  2 and 3 , respectively. As shown in both tables, no GM colonies or blast-cell colonies formed in the absence of added growth factor. Small numbers of GM colonies and blast-cell colonies grew from Rho-bright cells cultured in the presence of IL-3 or SCF alone. The combination of IL-3 plus SCF resulted in a nearly IO-fold increase in GM colonies and a modest increase in blast-cell colonies detected (Table 2 ). In contrast, few GM colonies grew in primary cultures of Rhodull cells, and almost no blast-cell colonies formed in the presence of SCF alone (Table 3) . In contrast to the cultures of Rho-bright cells, in cultures of Rho-dull cells the combination of IL-3 plus SCF gave rise to only a modest increase in the number of GM colonies detected, but a distinct increase in the number of blast-cell colonies detected compared with cultures containing only IL-3 or SCF.
Replating eflciencies of GM colonies or blast-cell colonies taken from priman citltitres stiniitlated with IL-3 and SCF, alone or in combination. Many more progenitor cells were detected in secondary cultures established from pooled GM colonies or blast-cell colonies. As shown in Table 2 . there were no secondary GM colonies that formed in cultures from pooled GM colonies grown in the presence of IL-3 alone. Primary blast-cell colonies. however, gave rise to secondary colonies with a frequency of 4.3 CFC per primary colony and a replating efficiency of 4%. Of interest. cells trapped within the methylcellulose from the primary cultures gave rise to 32 secondary colonies. These colonies only formed if the cells contained within the methylcellulose were harvested and washed with fresh medium before replating. In fact, maintaining the original cultures for an additional 2 weeks did not result in the appearance of new colonies.
When SCF was the single factor used to support the primary cultures of Rho-bright cells, primary GM colonies were able to give rise to nearly 60 secondary GM colonies with a mean number of eight progenitors per colony and a replating efficiency of 2%. Blast-cell colonies gave rise to an average of 74 secondary GM colonies with 23 progenitors per colony and a replating efficiency of 55%. The methylcellulose ob- tained from primary cultures stimulated with SCF gave rise to very large numbers (over 200) of secondary GM colonies ( Table 2) . When the combination of IL-3 and SCF was used, GM colonies from the primary culture gave rise to over 300 secondary GM colonies with an average of 12 progenitors per colony and a calculated replating efficiency of 7%. Primary blast-cell colonies contained an average of 86 progenitors when replated in secondary culture with 35 progenitors per colony and a replating efficiency of 6%. Again, cells obtained from the methylcellulose of the primary culture, which were then washed and plated in secondary culture, gave rise to over 200 GM colonies. It is of note that the replating efficiency of blast-cell colonies obtained with SCF alone is more than five times higher than the replating efficiency of blast-cell colonies obtained with SCF and IL-3. This fact is not due to a higher number of progenitor cells per colony, but to the fact that blast-cell colonies obtained in the presence of SCF alone have fewer cells.
Somewhat different results were obtained when the cultures were established with Rho-dull cells (Table 3 ). In the absence of added growth factors, no colonies formed in the primary cultures and no CFC survived in the methylcellulose and, thus, none were detectable in secondary culture. In the presence of a single growth factor, either IL-3 or SCF, very few GM colonies or blast-cell colonies appeared in primary culture and, in the presence of IL-3 alone, there were no secondary colonies on replating the rare blast-cell colonies that appeared in primary culture. Furthermore, no secondary colonies formed when cells of primary GM colonies were replated. With SCF alone, no blast-cell colonies formed, and there were no secondary GM colonies on replating the occasional primary GM colony. However, SCF clearly maintained cells with colony-forming ability in the methylcellulose of the primary cultures. On harvesting, washing, and replating those cells, 171 GM colonies formed.
In primary cultures of Rho-dull cells, the replating of GM colonies or blast-cell colonies that formed in the presence of SCF and IL-3 gave rise to large numbers of secondary colonies. Over 700 secondary colonies formed from pooled primary GM colonies. The secondary colonies arose at a frequency of 97 progenitors per primary GM colony and with a replating efficiency of 6.5%. One hundred secondary colonies formed from primary blast-cell colonies with an average of 52 CFC per colony and a calculated replating efficiency of 18%. Again, cells harvested from the methylcellulose of the primary culture gave rise to nearly 200 secondary GM colonies.
Liquid culture of murine Rho-bright or Rho-dull cells. As shown in Fig 3 and Table 4 , Rho-bright or Rho-dull cells gave rise to increasing numbers of differentiated cells with time in serum-deprived liquid cultures containing IL-3 plus SCF. As has been reported previo~sly,'~ the kinetics of accumulation of total cell numbers were different between the two starting cell populations.
Rho-bright cells had already generated large numbers of differentiated and progenitor cells by day 5 (Fig 3) of culture, while the first increment in total cell numbers was not seen until day 10 (Table 4) in cultures initiated with Rho-dull cells. As we have rep~rted,'~ the number of GM colonies per culture increased from an input value of 21 to nearly 21,000 by day 10 of culture of Rho-bright cells ( Table 4) . The number of BC-CFC detected increased from an input value of 3 to 40 by day 5 of culture. The replating efficiency was 6% for blast-cell colonies that formed in cultures of day 0 cells and 11% from the BC-CFC-derived colonies obtained from those cells that had been in suspension for 5 days in the presence of IL-3 and SCF.
For
4096
In liquid culture of Rho-dull cells, there was an increase in the number of GM-CFC detected to 941 by day 10 of liquid culture (Table 4 ) and a doubling of the number of BC-CFC by day 5 (Fig 3) . Consistently, the replating efficiency of blast-cell colonies from liquid cultures of Rho-dull cells was higher than the replating efficiency of blast-cell colonies obtained in liquid culture of Rho-bright cells ( P < . OS by paired t test) until day 3 of culture. By day 5, BC-CFC obtained from liquid cultures of Rho-dull or Rho-bright cells showed the same replating efficiency (Fig 3) .
As shown in Table 4 , SCF or IL-3 alone had little effect on the proliferation of Rho-bright or Rho-dull cells in liquid culture under serum-deprived conditions. In combination, SCF and IL-3 increased the total cell number by severalfold, as well as the numbers of CFC and BC-CFC after 10 days in suspension culture of either Rho-bright or Rho-dull cells. Alone, SCF or IL-3 had no effect on the total cell number and only modestly (1-fold to 10-fold) increased the number of BC-CFC and of CFC in cultures of Rho-bright cells, but had no (IL-3) or very modest (SCF) effect in cultures of Rho-dull cells.
DISCUSSION
In this study, we have determined the relationship of murine BC-CFC to cells capable of LTMR in a stem cell defective repopulation assay, the W N ' mouse. The results have provided several insights into the physical and biological properties of normal murine marrow BC-CFC.
First, we have confirmed that LTMR cells copurify with low density, WGA-positive, 15.1.1 -negative Rho-dull cells. As shown in the results of the experiments summarized in Fig 1 and Table 1 , there is at least a fivefold to 10-fold enrichment of LTMR cells among the Rho-dull population compared with the Rho-bright population. These results confirm that the vast majority of LTMR cells reside among the Rho-dull population?.'* In following studies we have confirmed by PCR of the c-kit genotype of B, T, and myeloid cells isolated from the spleen that the reconstitution was multilineage and that as few as 10' Rho-dull cells can account for LTMR in a meaningful (>20%) percentage of recipients using this transplant model (data not shown).
Second, in the results presented here, we demonstrate that >7% of BC-CFC copurify with the Rho-bright cells, and only 1.5% of the BC-CFC are contained among the Rhodull cells. However, the blast-cell colonies grown in primary cultures from Rho-dull cells consistently had a higher progenitor cell content and replating efficiency than blast-cell 
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MlGLlACClO ET AL ** T ** ** In liquid suspension cultures of Rho-dull or Rho-bright cells, a larger number of BC-CFC were generated at day 5 in cultures initiated with Rho-bright cells than were generated from Rho-dull cells. However, the BC-CFC generated from Rho-dull cells after 5 days of liquid culture gave rise to blast-cell colonies with replating efficiencies similar to the replating efficiencies of Rho-bright BC-CFC. Thus, although not only BC-CFC but also pre-BC-CFC copurify with Rhobright cells, the Rho-dull population contains cells which, after 5 days in suspension culture, have the same properties of BC-CFC grown in primary cultures of Rho-bright cells. These results suggest that only the BC-CFC which copurify with Rho-dull cells and display the highest replating efficiency would be candidate LTMR cells in normal bone marrow.
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The original work by Suda et alls showed that in cultures of spleen cells, blast-cell colonies are generated over a period of several days. Earlier-appearing (day 7) blast-cell colonies had a consistently lower replating potential than late-appearing (day 16) colonies. Suda et alls interpreted the data to mean that early-and late-appearing blast-cell colonies were derived from distinct progenitor cell populations with different proliferation potential-the BC-CFC that gave rise to the late-appearing colonies being the more primitive. That study was done by plating unfractionated spleen cells (2 x lo5 or 6 X lo6 cells per 1 mL of culture of untreated or 5-day post-5-FU-treated mice, respectively). Therefore, the experimental assay used by Suda et alls could not distinguish if subpopulations of BC-CFC with intrinsically different replating efficiencies existed or if the differences were due to the presence of different growth factors in the dish at the time of analysis (day 7 v day 16). In fact, the existence of two separate subsets of BC-CFC came into question when Tsuji et all9 found synchronization of blast-cell colony formation in cultures stimulated with E-3 and SCF. One of the growth factors that is released by spleen cells in culture is SCF. That significant amounts of growth factors were indeed released by accessory cells in cultures of unfractionated spleen cells is shown by the fact that limited numbers of blast-cell colonies formed in these cultures even in the absence of exogenously added IL-3" (and G. Migliaccio, unpublished observation, 1994). Purified human" and murine1321 (and this report) early progenitor cells from normal marrow do not survive, and therefore cannot proliferate, in the absence of growth factors. One of the biological effects of SCF is to increase the number of progenitor cells per blast-cell colony (the blast-cell colony replating efficiency)." As SCF produced by accessory cells accumulates in the culture dish, blast-cell colonies at day 16 of culture could contain more progenitor cells than day 7 blast-cell colonies because they were formed in the presence of a higher SCF concentration. The fact that 5-FU selectively kills day 7 but not day 16 BC-CFC does not prove that they derive from distinct progenitor cells. In fact, 5-Fu treatment also reduces the numbers and types of accessory cells present in the spleen and, therefore, very likely reduces their capacity to produce SCF in culture (a reduced capacity of accessory cells to produce SCF in culture would mostly affect the SCF concentration at early time points). The fact that, on the basis of Rho-staining, we can physically separate populations of BC-CFC that express different replating efficiencies at day 9 is consistent with the hypothesis of Suda et all8 that there exists a hierarchy of BC-CFC in the bone marrow.
In cultures of Rho-bright or Rho-dull cells containing SCF, differences were observed in the number of detectable blast-cell colonies, their CFC content and, thus, their replating efficiency. In cultures of Rho-bright cells, blast-cell colonies were generated in the same numbers in cultures stimulated either with IL-3 alone or with IL-3 in combination with SCF. However, blast-cell colonies harvested from primary cultures stimulated only with IL-3 gave rise to an average of four progenitors per colony and a replating efficiency of 4%. In contrast, blast-cell colonies harvested from primary cultures grown in the presence of SCF gave rise to up to 23 progenitors per colony and a much higher replating efficiency. These results are consistent with those of Tsuji" with BC-CFC from 5-FU-treated mice and of Metcalf" with BC-CFC from unfractionated normal bone marrow. In cultures of Rho-dull cells, IL-3 alone was incapable of promoting blast-cell colony formation; in these cultures, the formation of blast-cell colonies was dependent on the simultaneous presence of IL-3 and SCF.
Qualitative differences in the kinetics of their response to growth factors were observed between cultures of Rho-bright For personal use only. on October 22, 2017. by guest www.bloodjournal.org From and Rho-dull cells. We have previously shown13 that both purified cell populations clone poorly in primary culture and that SCF is needed for survival and differentiation of the cells over time, including progenitor cells of multiple lineages. A striking difference between the two populations is that, while Rho-bright cells start to proliferate within 24 to 48 hours of culture and generate the maximal number of progenitor and differentiated cells by day 5, Rho-dull cells begin to proliferate only after 3 to 4 days of culture and do not generate the maximal number of progenitor and differentiated cells until day 10 to 15 of culture. This is consistent with the fact that Rho-dull cells are more primitive than Rho-bright cells.
One surprising finding in this study was the recognition of a large number of progenitor cells that remained quiescent in the initial methylcellulose cultures. The GM colonies and blast-cell colonies were scored and harvested after 9 days in primary culture. If the culture dishes were simply allowed to incubate for another 10 days, no additional colonies formed. However, the simple act of removing the methylcellulose after all recognizable colonies had been harvested, washing the remaining cells, and replating them in the presence of SCF and IL-3, yielded large numbers of colonies. If one assumed that each one of the colonies that grew out of the cells harvested from the methylcellulose came from a dormant progenitor cell present at the time of the initial culture, then the true cloning efficiency of the lo3 cells plated at the outset of the culture was approximately 20% to 25%, much higher than has been previously e~timated.'~ Interestingly, this is almost exactly the cloning efficiency we obtained when Rho-bright or Rho-dull cells were cultured in limiting dilution experiments (results not shown), indicating that these highly-purified cell populations may exert some sort of growth inhibitory effect on one another. This inhibitory effect could be mediated by production of TGF/3.23,24 The fact that many progenitor cells survived in methylcellulose, particularly in cultures containing SCF alone or SCF in combination with E-3, confirms that an important feature of SCF is the maintenance of such progenitor cells and the possible avoidance of programmed cell death (apoptosis)."
In conclusion, we have separated from normal murine bone marrow, on the basis of Rhodamine staining, BC-CFC that possess distinct replating efficiencies and different growth factor requirements. Only the BC-CFC with high replating efficiency and which depend on both SCF and IL-3 for growth, copurify with HSC. Furthermore, BC-CFC with high replating efficiency generate BC-CFC with low replating efficiency after 5 days of liquid culture. These results indicate the existence of a cellular hierarchy in the BC-CFC compartments of normal bone marrow with those BC-CFC having high replating potential being the more primitive and, therefore, being candidates to be close to, or part of, the HSC compartment.
